Abstract
INtRODUctION
Seasonally dry tropical forests (SDTFs) comprise a globally distributed but understudied biome (Dexter et al. 2015; Miles et al. 2006; Särkinen et al. 2011) . These forests were first defined as a distinct vegetation type in the American Neotropics (Pennington et al. 2000; Prado and Gibbs 1993) and are receiving an increasing amount of scientific attention due to their structural diversity (Apgaua et al. 2014b; Moro et al. 2016) and biological significance to tropical ecosystems (Pennington et al. 2006; Silva and Scariot 2003; Sunderland et al. 2015; Werneck 2011) .
Throughout their range, SDTFs been widely exploited as a wood resource (Albuquerque et al. 2005; Monteiro et al. 2006; Sampaio 2002 ) and also for agricultural activities because of their fertile soils (Murphy and Lugo 1986; Murphy et al. 1995; Trejo and Dirzo 2000) . As a consequence ~60% of SDTFs in Latin America have been destroyed (Espírito-Santo et al. 2006; Miles et al. 2006) and SDTFs on a whole have suffered the third highest forest cover loss globally relative to other forest types (Hansen et al. 2010) . Because of the foregoing reasons and the fact that SDTFs bear significant biological diversity, SDTFs are also considered among some of the most threatened of tropical ecosystems (Gentry 1995; Janzen 1988; Miles et al. 2006; Pennington et al. 2009 ).
In SDTF areas where land use has ceased, SDTFs may be expected to be in varying stages of succession (Griscom and Ashton 2011) . However, the intensity of land use and management practices in an area can have legacy effects on the successional dynamics of forest (Kennard 2002; Sampaio et al. 2007; . According to Chazdon (2003) , forest subjected to different types of land use regimes (agriculture, clearcutting with root stump removal and burning, etc.) may have different successional trajectories from each other, diverging in aspects of their floristic composition and vegetation structure. Elucidating successional mechanisms in SDTF vegetation will therefore enable a better understanding of the resilience of this vegetation type and support its conservation, management and restoration (Griscom and Ashton 2011; Pulla et al. 2015; Quesada et al. 2009 ).
Relative to tropical rain forests however (De Walt et al. 2003; Goosem et al. 2016) , there are still comparatively few studies on ecological succession in SDTFs (Kalácska et al. 2004; Poorter et al. 2016) . Moreover, knowledge on successional processes for moist forests may not be wholly applicable in SDTFs (Becknell et al. 2012; Poorter et al. 2016; . For instance, the ability of many SDTF species to coppice after disturbance may influence the similarity between late and early successional stages (Ewel 1977; Sampaio et al. 2007; . This knowledge gap in SDTF successional studies is particularly glaring for northeastern Brazil, which contain one of the most spatially extensive occurrences of SDTFs in the world within a phytogeographic region known as the Caatinga Domain (Fernandes 2003; Linares-Palomino et al. 2011; Särkinen et al. 2011) . More than 90% of this area is comprised of regenerating forest vegetation following slash and burn agriculture or fuel wood production cycles (Gariglio et al. 2010 ). Yet, there are still only a handful of studies that have examined SDTF succession in the region (Coelho et al. 2012; Madeira et al. 2009; Sampaio et al. 1998) .
Additionally, SDTF vegetation at the southwestern limits of the Caatinga Domain frequently interfaces with savanna vegetation of the Cerrado Domain, another major phytographical region in Brazil (da Silva and Bates 2002) . At this interface, there are often vegetation transitions or ecotones comprising a mix of species from both vegetation types (Santos et al. 2012) . To our knowledge, such ecotonal habitats have not been examined as part of successional studies on SDTFs. However, given their marginal nature, SDTF-savanna ecotones can be hypothesized to share ecological similarities with early successional SDTFs, and therefore serve as a useful context for successional studies on SDTFs. We therefore aim to evaluate the floristic and structural changes in the tree component of SDTFs belonging to three different successional stages, including also an SDTF-savanna ecotone to provide additional context. We test the hypothesis that SDTF will exhibit an increase in species richness and basal area, accompanied with a decrease in stem density as it moves through successional stages.
MAtERIALS AND MEtHODS

Study areas
The study was conducted within the Juramento River Dam Conservation Area, in the municipality of Juramento, north of Minas Gerais (16°46′12″S and 43°39′41″W), Brazil (Fig. 1a) . The Juramento reservoir and dam is owned by COPASA, a water sanitation company based in the Minas Gerais state. The reservoir has an area of 7.63 km 2 and was formed by the damming of the Juramento, Saracura and Canoas rivers in 1981 (Nunes et al. 2005) . Since the implementation of the conservation area in 1986, an area of ~23.4 km 2 surrounding the dam has been preserved (Nunes et al. 2005) . The site experiences a semi-arid climate, with well-defined dry and rainy seasons. The average temperature is around 23°C and the average annual rainfall is 1000 mm year −1 , with rainfall concentrated in the summer months from November to January (Nunes et al. 2005) . The area falls within a vegetation transition zone between Cerrado (savanna) and Caatinga Domains based on the Brazilian Institute of Geography and Statistics (IBGE 2012) , with SDTF represented predominantly by the deciduous forest subtype of this vegetation (Santos et al. 2012) .
For this study, we selected four areas (Table 1) within the territorial limits of the COPASA Conservation Area based on known history of disturbance, structural homogeneity and ease of access (Fig. 1b) . Three of these areas have been classified as SDTF in three different successional stages (early, intermediate and late) and one classified as an ecotone between SDTF and 'cerrado denso' (dense savanna) ( Table 1; Ribeiro and Walter 2008) .
Vegetation sampling
The floristic and structural sampling of the tree component was conducted by random allocation of 12 plots of 20 × 20 m (400 m 2 ) in each area, totaling 48 plots (1.92 ha). We measured the circumference and recorded the identity of all tree individuals with a circumference at breast height (1.30 m) ≥10 cm. Where a positive identification was not possible in the field, we collected samples which we identified later by comparison with herbarium specimens, reference to taxonomic literature and/ or with the aid of specialists. All sampled plant material was vouchered at Montes Claros Herbarium in the University of Montes Claros. We followed the APG III family classification for family nomenclature (Angiosperm Phylogeny Group 2009) and REFLORA (2015) for genus-and species-level nomenclature.
Data analysis
We compared species richness of total stems by constructing stem-based rarefaction curves for each SDTF area, based on Hurlbert's (1971) formulation. Rarefaction curves were constructed using the 'iNEXT' package (Hsieh et al. 2016) in the R statistical software (R Foundation for Statistical Computing, Vienna, AT; http://www.R-project.org/).
To describe the vegetation characteristics of forest formations, we used standard vegetation science parameters following Ellenberg and Mueller-Dombois (1974) , and diversity indices of Shannon-Wiener (H′) and Pielou's evenness (J′; Brower and Zar 1984) . For visualizing the distribution of tree stem sizes across our areas, we used four size classes (3.0-5.9 cm, 6.0-11.9 cm, 12.0-23.9 cm and 24.0-32.5 cm) with increasing amplitudes of class intervals to compensate for the decreasing effect of density of trees in larger classes (Botrel et al. 2002) .
To evaluate the proportion of shared or unique species across and within our four study areas, we pooled the species from each of our areas and constructed a Venn diagram (Oliveira-Filho and Ratter 2000) . Using these pooled species within each of our four areas, we also computed the overall floristic similarity area pairs using the Sørensen similarity index (Brower and Zar 1984) , where a high-index value (%) denotes strong floristic similarity.
We visualized species replacement gradients among areas using a non-metric multidimensional scaling (NMDS) ordination. The ordination was performed using function 'meta-MDS' of the package 'vegan' (v 1.13-8). We used transformed (Wisconsin standardization and square root transformation) abundance data for all tree species and Bray-Curtis similarity distance matrix. Axes were correlated with each species (n = 95) using Bonferroni-corrected P values of 0.00027 for multiple tests. PERMANOVA (Permutational Multivariate Analysis of Variance) comparisons allowed us to test for significant differences between our vegetation categories, and for pairwise comparisons we used Bonferroni-corrected P-values of 0.007.
We also performed an indicator species analysis (Dufrêne and Legendre 1997) To examine differences in diversity indices and structural variables between SDTF areas, we built individual linear Ecotone between Savanna and SDTF Ecotone Area without a history of human disturbance for the last 50 years. The floristics and location of this area is transitional between dense savanna and SDTF mixed effect models for Shannon's H′, Pielou's J′, tree basal area and tree density as response variables, and SDTF areas as predictors. Plots were used as a random factor to address potential spatial autocorrelation issues. Linear mixed effect models were fitted using the 'nlme' package. For a multiple comparison between SDTF areas, we used the 'glht' function in the 'multcomp' package.
RESULtS AND DIScUSSION
Overall diversity and floristic patterns Across our four study areas, we recorded and measured a total of 4786 individuals of trees, belonging to 95 species, 78 genera and 29 families (supplementary Table S1 ; Table 2 ). Our rarefaction curves show that our estimates of species richness in all SDTF areas are approaching asymptotes (Fig. 2) . The ecotone contained the highest number of species among our four study areas (Figs. 2 and 3a; Table 2 ), as expected for vegetation transition zones (Durigan et al. 2008) . In our case, this high-species richness was a result of the co-occurrence of SDTF and savanna species (supplementary Table S1 ). The SDTF-intermediate had the second highest species richness among the sampled SDTF areas (Figs. 2 and 3a; Table 2 ). The SDTF-early and SDTF-late areas overlapped in their species accumulation confidence intervals and were visibly lower in their rates of species accumulation (interpreted as slopes) and species richness than STDF-early and ecotone (Fig. 2) .
In line with previous work in SDTF vegetation, the most species-rich family in all our areas was the Fabaceae (Apgaua et al. 2014a (Apgaua et al. , b, 2015 Calixto-Junior and Drumond 2014; Lemos and Meguro 2015; Santos et al. 2007 Santos et al. , 2011 , which accounted for 25% of the species in SDTF-early, 41.5% in SDTF-intermediate, 44.7% in SDTF-late and 21.4% in ecotone areas. In terms of abundance, however, the most prominent family in SDTF-late and the ecotone was the Anacardiaceae, corresponding to 50% and 25%, respectively, of the total individuals. This was due to the high abundance of Myracrodruon urundeuva, a species commonly found in SDTF vegetation Prado and Gibbs 1993) .
Of all the areas investigated, only eight species (8.4% of total species) occurred across all the four areas ( Fig. 3a) Table S1 ). The three successional stages of SDTF-early, -intermediate and -late share 10 species (13.5%), with only Peltophorum dubium and Vitex laciniosa not among the species shared with the ecotone. Species occurring in just one of the areas accounted for 43.2% (41 species) of all sampled species. Of these, 3 (3.2%), 11 (11.6%), 6 (6.3%) and 21 (22.1%) were unique to SDTF-early, SDTF-intermediate, SDTF-late and the ecotone, respectively (Fig. 3a) .
As with species richness, Shannon's diversity was the highest in the ecotone area (3.23 and 0.8, respectively). Among the other areas, Shannon's diversity was low in SDTF-early, exhibited a spike in SDTF-intermediate, and then dropped again in SDTF-late (Table 2) . Evenness was similar in SDTFearly, SDTF-intermediate and in the ecotone and was significantly lower in SDTF-late (Table 2 ). These diversity patterns possibly reflect vegetation dynamics concordant with the intermediate disturbance hypothesis (Connell 1978) , which posits that local species diversity is maximized when ecological disturbance is neither too rare nor too frequent.
In terms of floristic similarity and composition, the area pairs consisting of SDTF-intermediate/SDTF-late (Sorenson's For the diversity indices (H′ and J′) and structural variables (tree density and basal area), different letters represent significant differences values based on multiple comparison tests between SDTF areas performed on linear mixed effects models fitted for each of these diversity and structural variables (see Table 3 ). Abbreviation: SD = standard deviation.
index 0.66), and SDTF-early/ecotone (0.59) were most similar to each other (Fig. 3b) . Our NMDS ordination was in agreement with these patterns and also demonstrates a high turnover of species along a successional gradient, mainly along the NMDS axis 1 (Fig. 4) . Our PERMANOVA comparing the area pairs showed that all the SDTF areas were significantly different in species composition (F 3,44 = 6.769, P < 0.005; all posthoc comparisons P < 0.005). The SDTF-early and ecotone were more strongly associated with species typical of savanna such as Eugenia dysenterica and Leptolobium dasycarpum, while the SDTF-early was especially associated with the forest tree Copaifera langsdorfii (Fig. 4) . The species gradient towards SDTF-intermediate and SDTF-late was associated with an increasing abundance of a set of six species that are frequently associated with SDTFs, such as A. pyriformis, M. urundeuva and S. brasiliensis (Fig. 4) . Several studies have suggested that successional trajectory is closely related to historical land use (Álvarez-Yépiz et al. 2008; Chazdon 2003; Foster et al. 2003; Madeira et al. 2009) , and this may explain the floristic similarity between SDTF-intermediate and SDTF-late. The intermediate stage was subjected to selective logging of some species, but such an impact may not have been sufficient to cause local extinction of species belonging to more advanced successional guilds. Moreover, it is possible that species colonization in the intermediate stage is reliant on species from later successional stages. The presence of shared species in the early and late stages may be related to the high capacity for coppicing in many SDTF species, thus allowing species of later stages of succession to also occur in early stages (Sampaio et al. 2007; .
Vegetation structural characteristics
Stem basal area and density patterns did not mirror diversity patterns. Tree basal area differed in all SDTF areas but was lowest in SDTF-early and highest in SDTF-late (Tables 2 and  3 ). The density of stems was lowest in SDTF-early and highest in SDTF-intermediate (Tables 2 and 3) . Although the different land use histories limit the conclusions we can draw about these tree density patterns, the low stem densities in SDTF-early relative to SDTF-late accords with the findings of Madeira et al. (2009) . These patterns are also in contrast with that of wet forests, where early successional stages typically have the highest absolute stem densities (Goosem et al. 2016) , and likely reflects an inherent difference between successional patterns in tropical dry and wet forest (Becknell et al. 2012) . Keeping in mind that the SDTF-early area is already in its 20 th year of recovery from clearcutting, it is notable that there has been limited recovery in vegetation structure, compared to the SDTF-intermediate area (which was previously exploited for selective timber extraction and not disturbed for 30 years). This slow recovery has been reported in other studies (Cavalcanti et al. 2009; Pereira et al. 2003) . In contrast, the SDTF-intermediate area maintains a structure similar to the SDTF-late, suggesting that the magnitude of the initial disturbance was not enough to seriously alter its structural integrity. The ecotone area exhibited a mix of characteristics, some of which were more similar to SDTF-intermediate (species richness, Shannon's H′ and to some degree tree basal area) but other characteristics that were more similar to SDTF-early (species composition, Pielou's J and stem density). On the overall, this suggests that SDTF-savanna ecotones are more similar to early successional stages of SDTFs in diversity and composition parameters but are structurally more similar to SDTF in an intermediate stage of recovery.
The diameter size class distribution of tree stems within each area showed that the majority of stems across all four areas are distributed in the smallest size and exhibited a sharp decline towards the third size class (Fig. 5) . It is notable, however, that although all our SDTF areas exhibited the same general pattern, SDTF-late have a disproportionately higher number of individuals in the larger size classes than in SDTF-early and SDTF-intermediate (Fig. 5) . This overall pattern of diameter size class distributions agrees with patterns commonly found in other wet and dry forests, where the initial stages have a high stem density in the smaller diameter classes, with an increased diameter and increased basal area in advanced stage (Denslow and Guzman 2000; Kennard 2002; Kalácska et al. 2004; Perkulis et al. 1997; Ruiz et al. 2005; Saldarriaga et al. 1988) .
Indicator species analysis
Among the 95 species recorded in our study, 55 (57.89% of total species) were considered indicator species of one or Significant estimates are marked in bold. Abbreviations: SE = standard error. more of the successional stages ( Fig. 6 ; supplementary Table  S1 ). Overall, with the exception of M. urundeuva, the four SDTF areas were dissimilar in the top 10 species with highest importance value (IV). This reinforces our conclusion of the floristic and structural differences between the different SDTF successional stages and probably reflects differential ability of species to compete in the successional environments. In the case of M. urundeuva which was a high IV species in all four areas ( Fig. 6a-d) , the IV for this species increased in later-successional stages (see also Madeira et al. 2009 ). This accounts for the significantly lower evenness in SDTF-late relative to the other areas (Table 2 ) and accords with the species classification of Silva et al. (2002) as shade tolerant and late successional. In contrast, several species, notably C. langsdorffii, attained a very high IV (53.1%) in SDTF-early, indicating it is a pioneer in SDTF habitats and is highly favored by disturbance. These patterns also accord with the species correlations with our NMDS ordination (Fig. 4) .
cONcLUSION
Secondary forests are important for the conservation of species diversity and for their ecosystem services value (Chazdon et al. 2009 ). In our study on a SDTF successional chronosequence and a SDTF-savanna ecotone in northeast Minas Gerais, Brazil, we found a trend towards convergence in floristic composition and vegetation parameters between the intermediate and late successional stages, which had never been completely cleared, and a drastic lack of structural recovery in our early SDTF successional stage, which had been cleared 20 years earlier. It is possible that areas of SDTF that have been subjected to severe disturbance may benefit from some assisted recovery programs (Griscom and Ashton 2011) , especially in areas such as our study site, where such activities are complemented by protective measures are already in place. As the floristic and structural composition of SDTF is becoming increasing well resolved through a growing literature base, we recommend that future studies complement floristic studies with additional response variables such as phylogenetic diversity (Cadotte et al. 2010) , functional traits and functional diversity indices (Dıáz and Cabido 2001) to further understand successional processes in these forests.
SUPPLEMENtARY MAtERIAL
Supplementary material is available at Journal of Plant Ecology online. 
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